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Statistical analysis indicates that about 150 genes might he needed for spore formation in Bacillus subtilis 
[l]. We have sequenced 11 of these and examined the predicted amino acid sequences for the possibility 
that present-day sporulating bacteria may have evolved from ancestral forms in which sporulation was gov- 
erned by a smaller number of genes. We have identified two pairs of duplicated genes. The first of them 
involves a sequence which shows major homologies with both the sigma factor (cr) of RNA polymerase 
in Escherichia coli and 02g in B. subtilis. Another example of homology involves no less than 4 separate 
genes coding for the acid-soluble proteins of the spore [2]. We conclude that sporulation may have evolved 
from a much smaller number of genes that we first envisaged and it is likely, anyway, to be no more complex 
than replication of the larger coliphages. 
Bacterial sporulation 
1. INTRODUCTION 
Spore formation in 
Ribosome Phage replication 
Bacilli is an example of a 
very primitive developmental change. As such, it 
should be susceptible to description in terms of 
molecular biology and it may be useful to compare 
it with 2 other types of structure that are assembled 
in the cytoplasm of the bacterial cell. The first is 
ribosome formation which involves self-assembly 
and can take place in vitro. Next in apparent com- 
plexity, is phage replication which requires the 
metabolic equipment of the host cell and which in- 
voIves both regulated gene expression and self- 
assembly. Sporulation at first sight appears to be 
even more complex, beginning with an asymmetric 
cell division, followed by the engulfment of the 
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Genetic regulation of development Sigma factor 
‘daughter cell’ by the ‘mother cell’ and ending with 
the self-assembly of the proteins of the outer struc- 
ture [3]. 
Sporulation is divided into 6 stages defined on 
the basis of the morphological changes observed 
by electron microscopy [4]. The process is blocked 
by mutations in a number of genetic loci which are 
designated according to the stage that is affected. 
Thus, the mutations that stop sporulation at, say, 
stage III are contained in the loci spolZZA, 
spoIIIB etc. About 50 loci, which will be referred 
to as operons, are known [5] and the upper limit to 
their number has been estimated to be about 70 [ 11. 
The morphological changes have been shown, 
mainly by studies in Bacillus subtilis, to be in- 
tegrally associated with specific biochemical events 
such as the formation of alkaline phosphatase, 
glucose dehydrogenase, dipicolinic acid, etc. A 
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mutation that blocks sporulation at a particular 
stage prevents the occurrence of the biochemical 
events associated with later stages. 
Most of the operons so far studied in detail ap- 
pear to contain between 1 and 3 genes, spo VA with 
5 genes (see below) being an exception. Assuming 
about 70 operons containing on average 2 genes 
each, the total number of genes governing spore 
formation might therefore be about 150. 
We have already referred to the common obser- 
vation that when sporulation is blocked at a par- 
ticular stage the ‘biochemical markers’ associated 
with earlier stages occur normally while later ones 
do not. This leads to the simplest of models, the 
linear dependent sequence, which assumes that 
operons are expressed in a linear sequence in which 
the transcription of any sporulation operon leads 
to the synthesis of a protein that acts to ‘switch on’ 
the next [6]. Other models e.g., parallel or 
branched pathways have also been considered [5]. 
Losick and his colleages suggested in a number 
of papers [7-l l] that the sporulation sequence 
might be controlled by successive changes in the 
sigma factors of RNA polymerase and it has, in 
fact, been shown that one of these factors, g9, 
plays an essential part in regulating spore forma- 
tion [8]. However, although a-factors are clearly 
involved at an early stage, the ordered expression 
of 50 or more operons over a period of several 
hours is likely to involve additional, and probably 
complex, control elements [111. 
Recently, Stragier et al. [12] sequenced the locus 
spoZZG, which is concerned with an early stage of 
sporulation. Comparison of the predicted amino 
acid sequence for this gene with that of other pro- 
teins revealed a striking homology with the amino 
acid sequence of the main sigma factor of 
Escherichia coli, the product of the rpoD gene 
[13]. This in turn showed homology with another 
sigma-like factor of E. coli, htpR, which is not 
found under ordinary vegetative conditions but 
which is induced by subjecting the cells to heat 
shock [14]. It has since been shown that spoZZG, in 
fact, codes for d9 [15]. 
Eleven genes specifically associated with 
sporulation have now been cloned and sequenced 
in this laboratory [5 genes in spo VA [ 161, 3 in 
spoZZA [17], and one each in spoZZD (S. Clarke, 
personal communication), spoZZZB (M. Deadman, 
personal communication), and spoVE (U. 
Bugaichuk, personal communication)]. To these 
we added the sequence of the spoZZG gene [12] and 
then sought evidence for gene duplication among 
them by comparing the sequences using a com- 
puterised analysis. 
2. RESULTS AND DISCUSSION 
We found that the 12 sequences listed contained 
the 2 gene duplications shown in figs 1 and 2. The 
spoZZA operon, according to its nucleotide se- 
quence, consists of 3 genes, A, B and C, and ac- 
cording to the size of its mRNA transcript, it ap- 
pears that they generate a single polycistronic 
message [18]. From earlier work it is known that 
this operon has a regulatory function in sporula- 
tion. Thus, mutations which are quite close 
together in gene A produce a variety of phenotypic 
effects on sporulation and sporulation-associated 
biochemical marker events. The same assortment 
of pleiotropic effects is associated with very closely 
linked mutations in gene C of the same operon 
[ 191. In addition, there is interaction (the nature of 
which is unknown) between the products of genes 
A and C because if a mutation in gene A, produc- 
ing partial abolition of spore formation or enzyme 
production, is transferred into a strain with a 
mutation in gene C causing a similar phenotype, 
the double mutant exhibits total loss of both spore 
formation and the associated marker events. It is 
also known from earlier work that mutations in 
spoZZA could affect not only the degree of 
oligosporogeny but also the rate at which sporula- 
tion occurs [20]. 
We now find that the amino acid sequence of 
gene C exhibits a striking homology with d9 
(coded for by spoZZG) of B. subtilis and also with 
the sigma factor of E. coli (rpoD) and the heat- 
shock regulator protein (htpR) (fig. 1). (Gene A, in 
spite of its similar function, bears no resemblance 
to either .) 
It thus appears that stage II in sporulation in- 
volves the expression of at least 2 proteins, en- 
coded by the spoZZA and spoZZG loci, with a 
significant degree of protein homology. Further- 
more, examination by the Northern blot technique 
of the production of mRNA corresponding to 
spoZZA in different genetic backgrounds shows 
that the operon continues to be expressed in 
mutants damaged in any of the 6-7 operons, in- 
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Fig. 1. Alignment of the predicted amino acid sequences for B. subtilis sporulation genes spoIZAA and spoZZG and E. 
cofi vegetative sigma factor (rpoD) and heat-shock regulatory protein (htpl?). Positions in which all 4 proteins match 
exactly are indicated by asterisks. Positions in which at least 3 out of 4 residues are identical or show conservative 
changes are boxed. Conservative changes are defined as those taking place within one of the following groups of amino 
acids: (A, G, P, S, T); (D, E, N, Q); (F, W, Y); (H, K, R); (I, L, M, V) [26]. The numbers in parentheses at the beginning 
and end of each line refer to the numbers of the amino acid residues [12,13,14,17]. Gaps, shown as hyphens, were 
introduced as indicated by treatment of the data using the programme ‘DIAGON’ [27]. 
&ding spoIIG, known to control stage II [18]. It 
is apparent that transcription of spoZZA does not 
depend on that of .spoZIG, and indeed, almost cer- 
tainly precedes it. 
Spo VA is the second sporulation operon that we 
have cloned and sequenced [16]. From the results 
it appears that it codes for 5 genes and a com- 
parison of the predicted polypeptides (denoted 
A-E) showed that 2 of them, C and E, containing 
150 and 323 amino acid residues, respectively, have 
2 regions of homology, the first near the N- 
terminal extending over 17 residues and the second 
covering 78 residues of which 25 are identical 
(fig.2). 
Eight strains with mutations in the spoVA locus 
have been examined [21] and the phenotypes of 
these, unlike those of the spoIlA mutants, appear 
to be identical. Other studies [16,18] show that the 
5 genes of the spoVA locus generate a single 
polycistronic mRNA. We thus have the somewhat 
curious finding that 2 genes in the same operon are 
the result of a gene duplication. 
In addition to the sporulation genes we have 
discussed, it has very recently been shown that at 
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Fig.2. Alignment of the predicted amino acid sequences for B. subtilis sporulation genes spoVAC and spol/AE [16]. 
Positions of exact match or conservative changes (see fig.1) are boxed: exact matches are further indicated by an 
asterisk. For further details, see fig.1 legend. 
least 4 acid soluble proteins of the spore in B. sub- 
tilis are closely related to one another [2] and the 
corresponding genes may be presumed to have 
arisen by gene duplication. These facts suggest hat 
as more sporulation genes are sequenced and fur- 
ther comparisons are made it is very likely that 
more examples of duplication will be found. 
Although it would be premature to speculate on 
the number, it is nevertheless probable that 
sporulation will be shown to have arisen as a result 
of duplication among a substantially smaller 
number of genes than the 150 postulated earlier in 
this paper. ( 
This number can first be considered in relation 
to the number; of genes needed for ribosome 
assembly. Three genes are required for 3 species of 
RNA and about 52 more for their associated pro- 
teins [22]. (For purpose of this argument we can ig- 
nore the fact that the chromosome may have 
several copies of any particular gene.) To this 
should be added a few genes for enzymes that 
might be needed for processing, bringing the total 
number to about 60. It does not appear probable 
that bacterial sporulation could be carried out with 
a smaller number of genes than this. 
For phages, the numbers show considerable 
variability. In smaller phages, for instance 4X174, 
the genome contains information for only about 10 
genes which overlap [23]. In lambda phage, 46 
genes have been identified and these account for 
the majority of the DNA [24]. In the larger phage, 
T4, the number of genes is about 105 and the 
genome does not have the capacity for many more 
[251. 
In the light of these numbers it is conceivable, 
and indeed likely, that bacterial sporulation will 
turn out to be no more complex a system than the 
assembly of the larger bacteriophages and the con- 
ceptual gap between understanding the molecular 
biology of both viruses and simple developmental 
systems may be smaller than was originally 
thought. 
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We have found two errors in the nucleotide sequence of the .spoZZ/lC gene published by Fort and Piggot 
(1984): an extra ‘T’ after residue 1722 and an extra ‘A’ after residue 1880. As kindly pointed out by dr P. 
Stragier, the insertion of two extra bases in the published sequence increases the predicted protein product 
from 195 to 255 amino acid residues with a corresponding extension of the homology to other sigma factors 
at the C-terminal end (see Stragier et al. (1985) FEBS Lett. 187, 11). 
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